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GHOST ARTIFACT CANCELLATION USING 
PHASED ARRAY PROCESSING 

FIELD OF THE INVENTION 

The present invention relates generally to magnetic resonance imaging (MRI), 
and more particularly relates to the cancellation of ghost artifacts in MRI imaging 
caused by a variety of distortion mechanisms. 

BACKGROUND 

Magnetic Resonance Imaging is based on the absorption and emission of energy 
in the radio frequency range. To obtain the necessary MR images, a patient (or other 
target) is placed in a magnetic resonance scanner. The scanner provides a uniform 
magnetic field that causes individual magnetic moments of spins in the patient or target 
to align with the magnetic field. The scanner also includes multiple coils that apply a 
transverse magnetic field. RF pulses (called "shots") are applied to the coils that cause 
the aligned moments to be rotated or tipped. In response to the RF pulses, a signal is 
emitted by the excited spins that is detected by receiver coils. 

The resulting data obtained by the receiver coils corresponds to the spatial 
frequency domain and is called k-space data. The k-space data includes multiple lines 
called phase encodes or echoes. Each line is digitized by collecting a number of 
samples (e.g., 128-256). A set of k-space data is acquired for each image frame, and 
each k-space data set is converted to an image by passing the data through a fast Fourier 
transform (FFT). FIG. 1A shows an example of a full k-space data set with all of the 
phase encodes (1, 2, 3...N) acquired. 

In several applications of MRI, a time series or sequence of images are obtained 
in order to resolve temporal variations experienced by the imaged object. For example, 
in cardiac imaging it is desirable to obtain a sequence of images to study the dynamic 
aspects of the heart. Unfortunately, image distortion such as ghost artifacts or blurring 
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may interfere with the ability to properly interpret the image. An artifact is a feature 
that appears in the resultant image even though it is not actually present in the target 
object. Amplitude and/or phase distortion in the acquired k-space data causes distortion 
in the resultant reconstructed image. The order of k-space acquisition (phase encode 
5 order) is an important factor in determining the type of image distortion. Periodic 
distortion of k-space data causes periodic ghosts artifacts. A ghost artifact appears as 
part of the target object shifted an offset amount and superimposed on the final image. 
There are a wide variety of mechanisms that cause distortion of the acquired k- 
^3 space data and that may result in ghost and/or blurring artifacts. If the phase encode 

fy 10 order results in distortion that is periodic or has a periodic component, the image will 

J: have periodic ghost artifacts. In this context, distortion is described herein as periodic if 

H it has a periodic component (which causes image domain ghosts), even if the distortion 

a " is not purely periodic since it may contain other non-periodic components. Examples of 

hi distortion mechanisms include off-resonance due to chemical shift or susceptibility 

Q 15 variation, flow (e.g., blood flow), motion of the imaged object (e.g., breathing, heart, 

yj 

f\ etc.), EPI delay or phase misalignment, and T2* amplitude decay. Ghosts may also 

result from periodic undersampling of k-space, which is used in a number of reduced 
field of view methods for accelerated imaging. 

Distortion may be space invariant or space variant. Space invariant distortion 
20 refers to the case where each pixel in the image has been affected by the same 

distortion, while the more general case of space variant distortion refers to the case 
where the distortion may vary depending on the pixel location. With a space invariant 
ghost, all pixels in the image have a corresponding ghost with a fixed separation and 
same relative amplitude. In the case of space variant ghost distortion, the relative 
25 amplitude and/or separation of the ghost may depend on the pixel location. 

FIG. 2A shows an example of multi-shot echo-planar imaging (EPI) with a non- 
interleaved phase encode order that cause distortion. The phase encodes are shown 
indicating the direction of a scan (indicated by arrow), such as shown at 10. As can be 
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seen, the echoes are taken sequentially from each shot (e.g., echo 1, echo 2, echo 3, 
etc.). In this example, each shot has 4 echoes. Because the echo time (TE) for each 
echo is different, the amplitude and phase are different for each echo, which creates a 
distortion of the k-space data. Consequently, this non-interleaved ordering causes 
5 periodic distortion of the k-space data, which causes periodic ghosts in the resultant 
reconstructed image. For this reason, multi-shot non-interleaved phase encode ordering 
is not typically used to avoid ghost artifacts. 

In this multi-shot EPI example, many prior art techniques eliminate the ghosts 
by acquiring the k-space data using an interleaved phase encode order to ensure that the 

10 distortion is not periodic and is a slowly varying function of k-space. Furthermore, a 
technique known as echo-shifting is also used to linearize the echo time (TE) versus 
phase encode number (ky) which also reduces blur distortion at the cost of increased 
overall acquisition time. 

FIG. 2B shows an example of an interleaved phase encode order. In the 

15 illustrated example, each shot has four echoes. The line of k-space are acquired in an 
interleaved manner such that groups of adjacent lines in k-space are acquired at the 
same echo time (TE). For example, the first echoes from each shot are grouped 
together, as shown at 12. Likewise, all of the echos from the second shot are grouped 
together, as shown at 14. Grouping together similar echoes in this interleaved manner 

20 eliminates the rapid variation of echo time versus k-space, and, therefore, eliminates 
widely spaced ghost artifacts in favor of a more subtle blurring and/or geometric 
distortion. 

Echo-planar imaging (EPI) is used in many MR rapid imaging applications and 
ghost reduction for EPI has received considerable attention. Many techniques on the 
25 prior art are based on compensating (equalizing) periodic k-space distortion. These 
methods first estimate the periodic phase (or other) distortion, and then apply 
compensating phase function to eliminate or reduce the distortions. Numerous schemes 
have been developed for estimating the phase errors. However, these methods only 
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cope with the case of space invariant distortion, therefore, residual distortion will 
remain, due to a number of space variant mechanisms that cannot be compensated for in 
this manner. Ghost artifacts due to local effects such as flow and off-resonance are 
space variant and are not mitigated by k-space phase compensation methods. 

Methods have been developed which address certain cases of space variant 
distortion, such as local off-resonance effects. These rely on estimating the space 
variant distortion by means of a measurement of the field map, followed by applying 
the inverse to remove the space variant distortion. It is difficult to obtain accurate field 
maps, particularly in cases where the susceptibility (field) is time varying, such as in 
cardiac imaging applications. These methods are often quite sensitive to error cause by 
noise. 

Phase array combining methods have been used for accelerated imaging (e.g., 
methods known as SENSE and SMASH) to cancel space invariant ghosts that arise 
from periodic undersampling. SMASH has also been applied to more general EPI ghost 
cancellation but still only handles space invariant distortion. An example of a technique 
using the SENSE method applied to single shot EPI ghost cancellation is shown in 
Kuhara et al., A Novel EPI Reconstruction Technique using Multiple RF Coil Sensitivity 
Maps. This application acquired multi-coil full field-of-view (FOV) k-space data and 
separates the k-space data into even and odd lines. The even lines are passed through a 
first fast Fourier transform image reconstruction component, while the odd lines are 
passed through a second fast Fourier transform component. The even and odd lines are 
separately processed using the SENSE method. The outputs of each of the separate 
SENSE reconstructions are then non-coherently combined to obtain the final image 
with ghost artifacts cancelled. In this latter method, magnitude combining was used 
which precluded this method to be used in conjunction with techniques which required 
preserving phase, such as phase contrast or partial-Fourier acquisition. 
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SUMMARY 

The present invention uses phased array combining to cancel ghosts by a variety 
of distortion mechanisms, including space-variant distortions, such as local flow or off- 
resonance. The method uses a constrained optimization that optimizes signal-to-noise 
5 ratio (SNR) subject to the constraint of nulling ghost artifacts at known locations. The 
method may be applied to cancel ghost artifacts that result from a variety of phase 
encode strategies, for example, multi-shot EPI with non-interleaved phase encode 
acquisition. The overall strategy of using phase encode acquisition orders with 
^ distortion that results in ghosts, followed by applying this phased array ghost 

m 

pj 10 cancellation method has a number of benefits, including reduced blur and geometric 

m 

^ distortion, reduced acquisition time (eliminating echo shifting), and reduced sensitivity 

¥ h to flow. This method may be used in conjunction with phase sensitive techniques. 

si 

s " In one aspect multi-coil, full field-of-view k-space data is passed through a 

r ^ converter (or image reconstructer) to convert the k-space data to image domain. After 

O 15 the conversion, the images contain ghost artifacts. The images are then passed through 
f \ one or more phased array combiners. The phased array combiners act to separate the 



•ear 



superimposed images (desired and ghosts). Each phased array combiner in conjunction 
with shifting the input image produces an image or ghost with the other ghost images 
cancelled. Alternatively, the phased array combiner coefficients may be shifted rather 

20 than the input images to similarly separate the superimposed images. The outputs of the 
phased array combiners each represent images without ghost distortion. Each output 
image may have a different amplitude or complex weighting, where the weighting 
function may vary pixel to pixel in the image. One or more individual images (ghosts) 
may be combined to produce a final image with ghost artifacts cancelled. In one 

25 method, the individual images may be combined non-coherently to produce a 
magnitude image. In an alternative embodiment, the outputs may be coherently 
combined by means of complex weightings to produce a complex image, which may 
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either be magnitude detected or used in conjunction with other techniques which require 
a complex image. 

In another aspect, the phased array combiners coefficients used to cancel ghost 
artifacts can be calculated adaptively or dynamically. There are a number of ways to 
perform the adaptive calculation of the phased array combiner coefficients. One 
technique is to reconstruct an artifact-free lower temporal resolution image from a time 
sequence of multi-coil, k-space data in which the phase encode order is time varying in 
a specific fashion. The reconstructed artifact free image is then used to calculate the 
phased array coefficients that are applied to the phased array combiners. 

In yet another aspect, the output combiner coefficients may be calculated 
adaptively to produce the final sequence of images with ghost artifacts cancelled. 

The invention provides a number of benefits including reduced distortion due to 
off-resonance, in-plane flow, and EPI delay misalignment, and the elimination of the 
need for echo-shifting. 

Further features and advantages of the invention will become apparent with 
reference to the following detailed description and accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an example of a k-space data set with all phase encodes acquired. 

FIG. 2A is an example of a k-space data set with the phase encodes acquired 
using multiple shots with a non-interleaved order. 

FIG. 2B is an example of a k-space data set with the phase encodes acquired 
using multiple shots with an interleaved order. 

FIG. 3 is a flowchart of a method for canceling ghost artifacts in accordance 
with one embodiment of the invention. 

FIG. 4 shows another embodiment of the invention for canceling a single ghost 
artifact wherein the superimposed desired and ghost images are separated by means of 
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phased array combining method and recombined after appropriate position alignment 
(shift). 

FIG. 5 shows a more generic embodiment of the invention wherein any number 
of ghost artifacts can be effectively cancelled using phased array processing. 

FIG. 6 shows a block diagram for adaptively calculating array coefficients for 
the array combiner. 

FIG. 7 is a detailed block diagram further illustrating one technique for 
computing the coefficients of FIG. 5. 

FIG. 8 is a block diagram illustrating a parallel acquisition of k-space data using 
multiple receiver coils. 

FIG. 9A shows a block diagram for adaptively calculating array coefficients for 
the final output combiner. 

FIG. 9B shows another block diagram for adaptively calculating array 
coefficients for the final output combiner. 

DETAILED DESCRIPTION 

Overview of System 

FIG. 3 shows a flowchart of a method for canceling ghost artifacts. In a first 
process block 18, multi-coil k-space data is acquired one line at a time with a prescribed 
phase encode order which leads to distortion which is periodic in k-space. The k-space 
data is then converted to the image domain (process block 20) using a fast Fourier 
transform or some other conversion technique well understood in the art. The 
substantially periodic k-space distortion leads to ghost artifacts in the reconstructed 
images. In this context, substantially periodic means that the distortion is periodic or 
has a periodic component even if the distortion is not purely periodic since it may 
contain other non-periodic components. The ghost images are separated (process block 
22) using phased array combining to null or cancel the superimposed images. The 
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individual ghost images may be combined (process block 24) after alignment (shift of 
images) to further improve the signal-to-noise ratio (SNR). 

The number of coils should be greater than or equal to the number of 
superimposed images (desired image plus ghosts) to be cancelled. The performance of 
this method will depend on the number and spacing of ghosts, as well as the number of 
coils and the coils sensitivity profiles. In general, the performance is improved as the 
ghost spacing increases. The method may be applied in situations for which the k-space 
acquisition order has substantially periodic k-space distortion, which results in image 
domain ghost artifacts. A number of benefits accrue by adopting a strategy which uses 
a phase encode order makes the distortion periodic and uses phased array processing to 
cancel the resultant ghost artifacts. These benefits include reduced distortion due to off- 
resonance, flow, and EPI delay misalignment, as well as eliminating the need for echo- 
shifting. 

Example Embodiments using phased array processing 

FIG. 4 shows a block diagram of a system 28 for canceling a single ghost image 
using phased array processing. For a single ghost, the ghost separation is typically 
FOV/2. The system 28 includes multi-coil k-space acquisition 29, a converter 30, and a 
phased array ghost cancellation processor 32. The phased array ghost cancellation 
processor 32 includes multiple phased array combiners 34, 36, a shifter 38, and an 
output image combiner 40. In the specific embodiment of FIG. 4, the system 28 is 
designed to receive k-space data from four coils positioned around the target to be 
imaged (as shown by the four lines entering the converter 30). However, the system 28 
can readily be expanded to handle any desired number of coils at various positions. 

The converter 30 performs image reconstruction to convert data from the spatial 
spectral domain (k-space) into image domain data. The most common technique for 
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image reconstruction is using a fast Fourier transform (FFT). However, other 
techniques may be used for image reconstruction as is well understood in the art. 

The phased array combiners 34, 36, receive image data associated with each coil 
and combine the individual coil images to provide a single output image. To combine 
the images, each phased array combiner performs a complex weighted sum on a pixel- 
by-pixel basis of image data associated with the multiple coils. The superimposed 
images are separated by the phased array combiners, with phased array combiner 34 
producing the desired image and phased array combiner 36 producing the ghost which 
has been aligned with the desired image by shifting the image by shift element 38 

The output combiner 40 is coupled to each of the phased array combiners and 
receives images from each array combiner 34, 36 and combines the images into a final 
image. The output combiner 40 can take a variety of forms. For example, the combiner 
40 can be a magnitude combiner, also called a non-coherent combiner. The combiner 
40 can also be a coherent combiner that combines a weighted complex sum on a pixel- 
by-pixel basis. Coherent combining is sometimes preferable because the phase is 
included in the final image, although the complex waiting makes the combiner more 
complicated. The combiner 40 combines the desired image from the phased array 
combiner 34 with the ghost image from phased array combiner 36 to produce a final 
image with ghost artifact removed. 

In the embodiment of FIG. 4, there is only a single ghost artifact (that is for 
example, FOV/2 away). Thus, the shift performs a circular shift in the vertical direction 
of FOV/2. By shifting the image, the array combiner 36 produces an image that is in 
alignment with the desired image. As explained further below, where multiple ghost 
artifacts are included in the image data, additional shifts and array combiners may be 
used. In alternative embodiments the order of phased array combining and image 
alignment (shifting) may be reversed. However in this case, the phase array combiner 
coefficients must be properly aligned to cancel the ghost. It should be noted that the 
individual separated ghosts are weighted depending on the "point spread value" 
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associated with the particular distortion for that pixel. In some cases the ghost image 
may be considerably weaker intensity than the desired image component or may contain 
higher intensities in pixels which are predominantly fat and possibly not of interest. In 
this case, it might be desirable to use the image produced by phased array combiner 34 
exclusively. In this situation it is not necessary to use phased array combiner 36 or 
output image combiner 40. Of course, this can be seen as a special case of the phased 
array ghost cancellation processor 32. 

Turning briefly to FIG. 8, the k-space data is acquired in parallel from multiple 
receiver coils 42 - 45 (sometimes called a phased array of coils) placed around the 
imaged object 46. The number and spatial location of receiver coils varies based on the 
particular application. The k-space data is acquired in parallel and is input to the 
different embodiments shown herein. 

FIG. 5 shows a generic block diagram of a system 48 for canceling ghost 
artifacts. As in FIG. 4, the system 48 is shown having Nc input coils. The embodiment 
of FIG. 5 includes multi-coil k-space acquisition 49, a converter 50 and a phased array 
ghost cancellation processor 52. The phased array ghost cancellation processor 52 
includes multiple combinations of shifters and phased array combiners coupled in 
series. For example, a shifter 54 is coupled in series with a phased array combiner 56. 
Additionally, a shifter 58 is coupled in series with a phased array combiner 60 and 
shifter 62 is coupled in series with phased array combiner 64. These shifter/array 
combiner blocks are coupled in parallel to an output image combiner 66. As indicated 
in FIG. 5, multiple shifter/combiner blocks may be coupled in parallel. In the system 
48, the number of phased array combiners corresponds to the number of superimposed 
images that must be separated. In FIG 5, the number of superimposed images equals 
Ng + 1, and this number should be less than or equal to the number of coils Nc in order 
to cancel the ghosts images. The ghosts are typically spaced uniformly across the field- 
of-view (FOV), thus the amount each shifter must shift the image corresponds to 
FOV/(Ng+l) such that all ghost images are properly aligned. For example, for three 
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superimposed images (desired plus 2 ghosts) in an input image, there are three shifters, 
denoted by shifter 0, shifter 1, and shifter 2. Shifter 0 is only shown for illustration, as 
it does not actually perform a shift. Shifter 1 shifts the image by one third, and shifter 2 
shifts the image by two thirds of the field of view. Array combiner 56 receives images 
associated with each coil and produces a single image with the desired target object 
centered in the image. The other array combiners receive images associated with each 
coil and produce a single image with their respective ghost artifact also centered in the 
image. Although not shown, the output of the array combiners 56, 60, and 64, may be 
described mathematically as complex weighted versions ho(x,y)f(x,y), hi(x,y)f(x,y), and 
h 2 (x,y)f(x,y) of the desired image f(x,y), where complex weightings ho(x,y), hi(x,y), and 
h 2 (x,y) are also referred to as the space variant "point spread function". The output 
combiner 66 then combines the outputs of the phased array combiners to produce an 
output image with ghost artifacts removed. 

If a particular ghost or ghosts are weak, it may desirable to eliminate these 
ghosts from the output by not computing these images. It may also be the case that the 
i-th ghost may not be of interest if the point spread value hi(x,y) corresponds to a 
particular chemical shift that may not be of interest. It is also clear that while ghosts are 
frequently spaced uniformly across the FOV, this technique is entirely general, and may 
cancel ghosts at know fixed spacings, Di, with the proviso that the ghost cancellation 
performance depends on the ghost spacing as well as coil sensitivity profiles. 

Adaptive calculation of phased array combiner coefficients 

FIG. 6 shows another embodiment of a system 70 that includes a converter 72, a 
shifter 74, phased array combiners 76, 78, and a final output combiner 80. These 
components are similar to those already described in relation to FIG 5. FIG. 6 also 
includes an additional block 82 used for the adaptive calculation of complex 
coefficients that are applied to all of the phased array combiners 76, 78, 79 (as depicted 
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by the wide arrow from block 86 to block 76) and a time varying k-space data 
acquisition block 68, which is similar to the k-space acquisition used in the diagram of 
FIG 6, except the phase encode order is varied periodically in time in a prescribed 
fashion. In this context, the term adaptive calculation means to calculate the 
coefficients from the same k-space data used to reconstruct the desired images, without 
requiring additional reference data. To adaptively calculate the complex coefficients, 
the multi-coil, k-space data for a time series of k-space data acquisitions is applied to 
process block 84 that is used to reconstruct a substantially ghost-free image. The ghost 
free image is calculated from a set of k-space data acquisitions, corresponding to a time 
series of images, and thus has lower time resolution, and in some instances may be 
temporally filtered or smeared. As in the prior method described in FIG 5, the phase 
encode order (for each acquisition) is designed so that the distortion is periodic in k- 
space which results in ghost images. The phase encode order for each acquisition is 
varied (for example using a shift) such that the distortion remains periodic with the 
same period, and, furthermore, after a number of acquisitions the complete set of k- 
space data has been acquired at each echo time. Ghost free estimates, albeit with lower 
temporal resolution, may be reconstructed by using a set of k-space data (taken from the 
time series acquisitions) which corresponds to a single echo time. Several such ghost 
free images may be calculated, one for each echo time in the echo train. An alternative 
description and method is realized by observing that the variation (for example shift) in 
phase encode order imparts a variable phase shift to individual ghosts. This phase shift 
is time varying cyclically. By reconstructing images for each acquisition, the ghosts in 
each image may be suppressed by means of averaging over a complete cycle (or 
greater). This is equivalent to summing the individual ghost free images for each echo 
time derived in the previously described manner. There are numerous time varing phase 
encode orders 68 and methods for reconstructing the data 84 to obtain a ghost 
suppressed reference image for calculating the phased array combiner coefficients. In 
general, the ghost free images calculated by different methods have different complex 
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weightings. A method will be described next which uses multiple combinations to 
estimate the space variant complex "point spread values" which may be used for output 
combining. 

After reconstruction of a ghost free image, the phased array combiner 
coefficients are calculated (process block 86). The dynamically calculated coefficients 
are then passed to the phased array combiners 76, 78, 79 which are also simultaneously 
receiving sequential image data passed from the converter 72, through their respective 
shifters. Thus, while the output combiner 80 is providing an output sequence of images, 
the phased array combiner coefficients are being adaptively calculated and provided to 
the array combiners 76, 78, 79. 

FIG. 7 shows a diagram further elaborating on one way in which the phased 
array combiner coefficients can be calculated. There are numerous ways to compute the 
phased array combiner coefficients and FIG. 7 shows an example of only one such 
technique. After receiving the image data from process block 84, the data is normalized 
using the root sum of squares image to obtain a raw complex sensitivity map (process 
block 90). The maps may then be spatially smoothed to further enhance the sensitivity 
maps if required (process block 92). Finally, a general inverse solution is used to 
calculate the phased array combiner coefficients (process block 94) which will combine 
the individual coil images in order to null the ghosts. 

Adaptive calculation of output combiner coefficients 

FIG. 9A shows another embodiment of a system 100 that is similar to the 
systems previously described. An additional process block 102 is added to calculate the 
output combiner coefficients adaptively. The process block 102 calculates the complex 
output combiner coefficients from a set of point spread weighted images, which 
correspond to the set of component (ghosts) of the superimposed image after separation. 
This set of component images may be calculated by a variety of means. In the method 
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depicted in FIG. 9 A, the component images are produced directly by the phased array 
combiners. Each phased array combiner produces a ghost suppressed image weighted 
by the complex point spread value for the particular ghost component. In this method, 
the output of the phased array combiners 104, 106, 107 are fed to output combiner 108. 
In parallel, the output of the phased array combiners is fed to the process block 102 
where the coefficients are calculated in parallel with an output combiner 108 combining 
the images from the phased array combiners. There are numerous ways to calculate the 
coefficients for the combiner 102 as further described below. 

In an alternative method depicted in FIG. 9B, the component images may be 
calculated by a method similar to that described for calculating the ghost free image 
used in determining the adaptive phased array combiner coefficients 84 (FIG. 6). This 
method may be generalized, as will be described, to obtain a set of ghost free images, 
each weighted by a different value of point spread function. The artifact free image 
reconstruction block 120 of FIG. 9B may be used to produce images corresponding to 
any or all of the components (ghosts) of the superimposed image. This is may be 
accomplished by summing the images with appropriate cyclical phase shift which 
corresponds to the conjugate of the cyclical phase shift imparted to that particular ghost 
as a result of the periodic time varying phase encode order. It may also be 
accomplished by calculating images for k-space data at each echo time (TE) and 
applying a FFT to this set of images (FFT computed for each pixel along TE 
dimension). The above two methods produce a set of component images that are multi- 
coil which should be coherently combined with an additional phased array combiner 
124 prior to the block 122 which computes the output combiner coefficients. This 
phased array combiner 124 differs from the phased array combiners 56, 60, 64 which 
are used to null ghosts. The phased array combiner 124, is used to combine complex 
multi-coil images into a single complex image based on optimizing SNR without 
nulling constraints. The coefficients for this phased array combiner may in turn be 
calculated adaptively from a series of one of the ghost free reference images. In this 
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case, the inverse solution (block 94 of FIG. 7) is not required. The phased array 
combiner is simply the complex conjugate of the complex smoothed coil sensitivity 
profile estimates. 

The output combiner coefficients may be calculated, block 122, by a variety of 
methods. One method to calculate the coefficients is to form the time averaged (or 
temporally low-pass filtered) sample covariance matrix for each pixel. The coefficients 
may then be calculated as the dominant eigenvector of the sample covariance matrix 
(i.e., eigenvector with maximum eigenvalue). In this way, the relative phase between 
components is preserved. 

Temporal Filtering 

A periodic time varying phase encode order may be used to acquire k-space data 
in order to adaptively compute the phased array combiner coefficients. In this case, the 
phase of each ghost is cyclically time varying, thus each ghost is temporally frequency 
shifted. Various methods may be used to obtain a ghost suppressed lower time 
resolution image for computing the adaptive phased array combiner coefficients. It is 
also possible to apply a temporal filter to the sequence of images in order to provide 
further ghost suppression. The temporal filter bandwidth may be relatively wide such 
that there is only a small loss in effective temporal resolution. This filter may be applied 
in any order prior to magnitude detection. In other words, the multi-coil k-space data 
may be temporally filtered, or the multi-coil image data may be temporally filtered, or 
the phase array combined data may be temporally filterered, or the complex output 
combined data may be temporally filtered. The temporal filter may be as simple as a 
lowpass filter which suppresses the ghost which is shifted to the bandedge. In this case 
the filter might have a bandwidth on the order of 80-90% of the full available 
bandwidth, and will suppress most of the relatively static component of a single ghost. 
The filter might resemble a comb notch filter that rejects several ghosts. The temporal 
filter can be used in conjunction with the phased array processing, or even without any 
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phased array processing provided there is time varying phase encode ordering in the 
correct fashion. 



Detailed Theory 



Consider the case of ghost artifacts occurring in the phase encode dimension. 
The reconstructed image, gi(x,y) 9 for the z-th coil may be written as: 

gi(^y)=Y, s i(^y~^ h k( x ^y-^)f( x ^y-^) + ^y) 

k=0 

where f(x,y) is the desired (magnetization) image, Sg(x,y) is the complex field sensitivity 
for the i-th coil, N g is the number of ghosts (N g +l superimposed images) with spacing 
A hk(x,y) is the complex weight of the &-th ghost arising from the signal at (x,y), ni(x } y) 
is the observation noise, and {x,y) variables are assumed to be discrete as a result of 
image reconstruction from a finite set of periodic &-space samples. As a result of 
periodic £-space sampling with spacing Ak y between phase encode ]ines 9 f(x,y)=f(x,y- 
FOV y ), where FOV y =l/Ak y is the full field-of-view in the phase encode direction. 
Equation [1] may be used to model a wide range of ghost mechanisms caused by k- 
space weightings and space variant distortion due to flow or local off-resonance from 
chemical shift or field inhomogeneity. As described herein, hk refers to a "point spread 
function" (PSF), even though it is understood that it is a function of (x,y) and, therefore, 
is actually space variant. For reception with N c coils, Eq. [1] may be written in matrix 
form as: 

~ sj(x,y) ••• S](x,y-N g D) 



%N c ( x >yK 



SNcfcy) s N Jx 9 y-N g D) 



h 0 (*>y)f(x>y) 

h N (x,y-N g D)f(x,y-N g D) 



+ 



ni(x,y) 
n N (x,y) 



or more compactly as: 
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P 

PJ 



4" 



gfx,^ = S(x,y) f(x,y) + n(x,y) , [3 

where the matrix and vectors in Eq. [3] are in direct correspondence with Eq. [2], 

Equation [3] becomes over-determined (more equations than unknowns) when 
the number of coils, N C9 is greater than the number of superimposed signals, N g +l 9 and 

5 can be "solved" in the least squares sense for an estimate of f(x,y) , given estimates for 
the complex coils sensitivities (Bl maps) Si(x,y) 9 as well as knowledge of the number of 

ghosts N g and spacing D. The weighted least squares estimate f(x,y) of f(x,y) , which 
optimizes SNR, may be written as: 

k*,y) = [S(x,yf R„ S(x,y)T l S(x f yf R n l g(x,y) = V(x,y) g{x,y) [4 

10 where R„ is the noise covariance matrix, the superscript H denotes the conjugate 

transpose or Hermitian operator, and the "unmixing" matrix U defined by this equation 

is Ng+1 rows by 7V C columns. The A:-th component of the vector f(x,y) is an estimate of 
hk(x,y-kD)f(x,y-kD), a weighted and shifted version of the image f(x,y). Define the 
vector i(x,y) of estimates with all the components properly y-aligned: 

i y) , [5 



15 f(x,y)- 



g 



where n'(x,y) represents the noise after array processing, and perfect artifact 
cancellation is assumed (i.e., V(x,y) • S(x,y) equals the identity matrix). The individual 

component ghost images of f (x,y) may be combined to gain an improved estimate of 
the desired image f(x,y). It is not necessary to know the space variant "point spread 
20 function" hk(x,y) in order to cancel the ghosts. However, estimates of the complex PSF 
may be used to optimize SNR when combining the individual estimates as is described 
below. 



RFS/avs 4239-55207 04/03/01 E- 1 98-00/0; E-200-00 

EXPRESS MAIL LABEL NO. EL748698979US 
Date of Deposit: April 03, 2001 

- 18- 

Note that the (N g +l)xN c unmixing matrix U may either be applied to the N c x 1 

/\ 

image vector g explicitly, as formulated, and then each component image of f is (x,y) 

aligned to create the N g x 1 image vector f , or alternatively, as shown in the 
implementation of FIG. 4 and FIG. 5, the shifting of components is performed prior to 
array combining. In this case, shown by re-writing Eq. [1] for gi(x,y-kD), the array 
combiner weights (for all components) are the simply the first row of the matrix U. 

The individual component ghost images, weighted by complex PSF values 
hk(x,y), may be combined either coherently or non-coherently. In this context, coherent 
combining refers to the complex weighted sum which preserves phase, while non- 
coherent combining refers to the (positive real) weighted sum of magnitudes or root 
sum of weighted squared magnitudes. For applications that require phase sensitive 
detection it is desirable to combine coherently in order to preserve the phase. Likewise, 
in order to perform partial-Fourier acquisition such as partial-NEX, it is necessary to 
perform the homodyne reconstruction prior to magnitude detection. In this case, 
coherent combining is desirable to gain improved estimate of background phase prior to 
homodyne detection. 

In applications such as real-time or retrospective cine imaging, for which a 
series of image frames are acquired, it is possible to use multiple image frames to 
estimate smoothed matched filter coefficients directly from the series of point spread 
weighted images, provided that any temporal variation in point spread values is slow 
relative to the amount of temporal smoothing. One such method for estimating the 
matched filter coefficients is described below. 

This formulation may be recognized as a generalized form of the SENSE 
method for reduced FOV imaging, which is a special case. In the case of accelerated 
imaging using SENSE, the alias ghosts are caused by the £-space sampling function 
(intentional undersampling), whereas in this formulation the distortion arises from 
continuous amplitude or phase errors, including space variant distortion. 
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Application to Ghost Artifacts in EPI 

Ghosts artifacts result from periodic phase and amplitude errors between lines of 
£-space (echoes). In applications such as echo-planar imaging (EPI), widely used for 
5 ultra- fast imaging, examples of errors that cause ghost artifacts include EPI phase or 
delay misalignment and phase errors due to motion or flow. In general, ghost artifacts 
are a spatial variant distortion since the values depend on local effects such as flow or 

f 1 

J* off-resonance due to chemical shift or susceptibility variation. A number of techniques 

S3 are used to minimize distortion and ghost artifacts. The phased array processing method 

yi 10 for ghost cancellation adds yet another tool, which may be incorporated to further 

f! mitigate EPI distortion and artifacts. 

s i Application to multi-shot EPI with both interleaved and non-interleaved phase 

fj encode acquisition order is considered for cardiac imaging. In applications such as in 

^ cardiac imaging where the T 2 value is relatively short, images are typically acquired 

yj 15 using multiple shots with relatively short echo-trains. To avoid ghost artifacts, images 

O 

m are frequently acquired using an interleaved phase encode order, although interleaved 

phase encode order has several drawbacks. Drawbacks of this approach are the 
geometric and intensity distortion caused by off-resonance phase errors due to chemical 
shift or susceptibility variation, distortion due to in-plane flow, increased echo train 

20 length which results when echo shifting is employed, and distortion due to echo delay 
misalignment. Using a non-interleaved phase encode order with an echo train length, 
ETL 9 will cause N g =ETL-\ ghosts spaced D-FOV/ETL, and, therefore, has not been 
considered viable. A non-interleaved phase encode acquisition order has benefits if the 
ghosts may be eliminated. Cancellation of ghosts by means of phased array processing 

25 makes non-interleaved strategies possible. In this case, the drawbacks cited above for 
interleaved acquisition are traded for widely spaced ghosts, which in turn are cancelled 
by phased array processing. In addition, the time ordering of shots may be designed to 
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optimize the £-space weighting due to Tl -recovery for applications such as contrast 
enhanced imaging. 

In the case of non-interleaved acquisition, pixels with an off-resonance 
frequency of A/lead to a periodic &-space (phase) weighting, with period ETL Ak y , 
where Ak y is the spacing between phase encode lines. The complex A;-space weights 
(ignoring a constant phase factor), due to off-resonance at a pixel (x,y\ are H m (x,y) = e 
J [mA(H ? where A<|> = 2n Af{x,y) ATE, ATE is the echo spacing, m=0, ...,ETL-\ is an integer 
index corresponding to k y = mAk y repeating with period ETL Ak y . The corresponding 
values of the discrete point spread function h m (x,y) (space variant) are derived from the 
(Ng+1) -point discrete Fourier transform, i.e., h m (x,y) = DFT {H m (x,y)} . 

Output Combining: 

The desired image f(x,y) can be estimated from the solution vector f defined by 
Eq. [5]. In the case where the point spread function h(x,y) is known, or can be 

estimated adaptively, the signal-to-noise ratio of the estimate f(x,y) of f(x,y) is 

maximized by matched filtering: 



The estimate of the image is weighted by the squared norm ||h|| - h • h , 

which in many cases is approximately constant. If instead, the matched filter coefficient 
vector is first normalized to have unity norm (i.e., h/||h||), then the resultant image is 
weighted by ||h||. Alternatively, in cases where h is unknown, the image magnitude may 
be estimated non-coherently as the square root of the sum of the squares: 



The matched filter coefficients may be estimated from the images themselves. In 
situations where multiple images are acquired, smoothing may be employed to reduce 



f(x,y)= h(x,y) U ■ f(x,y) 



2 
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the error due to noise. For this case, one method which estimates the normalized 
coefficients (within a constant phase offset), is to form the time averaged (or temporally 
low-pass filtered) sample covariance matrix for each pixel, 

t 

where the variable t represents a time index, and averaging is performed over a number 
of frames during which h(x,y,t) has small time variation. An estimate of h(x^)/||h(x^)|| 
may be obtained by using the eigenvector of R(x,y) with maximum eigenvalue. The 
relative phase between components is preserved. For phase sensitive reconstruction, the 
same matched filter coefficients must be applied to the reference and desired images. 

The inverse solution (Eq. [4]) amplifies the noise causing a loss in signal-to- 
noise ratio (SNR) which is spatially varying. The loss in SNR relative to the artifact free 
image, i.e., h(x,y) = &(x,y) (discrete delta function), is calculated as: 

S NR loss=-l= K A H A > 

yj(S R n S) (11) (S R n S) (11) 

where the subscript (1,1) denotes the index of the matrix (first diagonal element). The 
spatially varying denominator of Eq. [9] is also referred to as the geometry factor G. 
This is derived by noting that the SNR loss of each component of the properly aligned 

image vector f relative to the SNR of h k (x,y)f(x,y) is given as SNRi oss (Eq. [9]). The 
individual noise components of the vector f(x, y) are independent since the full FOV 
acquisition results in spatially white noise over the full field of view. Thus the net loss 
in SNR for the final matched filter estimate / (x,y) (Eq. [6]) relative to the SNR of 
f(x,y) is simply SNR loss (Eq.[9]). 



RFS/avs 4239-55207 04/03/01 E- 1 98-00/0; E-200-00 

EXPRESS MAIL LABEL NO. EL748698979US 
Date of Deposit: April 03, 2001 

-22- 

Swnmary: 

In sum, the described method reconstructs intermediate images for each ghost, 
weighted by the complex space variant point spread function, which may be combined 
to produce a final image with ghosts artifacts cancelled. The intermediate ghost images 
may be combined in a coherent manner using complex weights derived from estimates 
of the point spread function. Coherent combining preserves phase and, therefore, 
permits partial-Fourier homodyne demodulation or more general phase sensitive image 
reconstruction. 

Application of this phased array ghost cancellation method to non-interleaved 
multi-shot EPI ghosts was described in detail. This method is also applicable to k-space 
acquisition with other phase encode ordering including time varying phase encode 
orders. Incorporating this phased array method for ghost cancellation may result in 
greater flexibility in designing acquisition strategies. Cancellation of ghosts by means of 
phased array processing makes using phase encode orders that have periodic k-space 
distortion practical, and in fact has a number of benefits. For example, there is a 
reduction in repetition time, 77?, by eliminating the need for echo-shifting. Other 
benefits include a reduced distortion due to off-resonance, in-plane flow, and EPI delay 
misalignment. The reduction in EPI blip size is also a great benefit in reducing through 
plane flow distortion. This method might also be desirable in contrast enhanced 
imaging, in order to optimize the &-space weighting due to T\ recovery by proper time 
ordering of shots. This technique is applicable to cancellation of ghosts arising from 
other mechanisms such as motion during cine imaging even with single echo. 

In theory, the general formulation presented shows that phased array processing 
may be used for quite general distortion including local blurring, however, the ability to 
use this method to improve spatial resolution places demands on the coil sensitivity 
profile to have high spatial variation. 
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Having illustrated and described the principles of the illustrated embodiments, it 
will be apparent to those skilled in the art that the embodiments can be modified in 
arrangement and detail without departing from such principles. For example, the order 
of linear operators are commutative and may be rearranged. The order of the phased 
array combiner and output combiner may be reversed. In this case the output combiner 
would sum weighted values of shifted images for each coil prior to a single phased 
array combiner. 

For example, the described techniques can be applied irrespective of the location 
(spacing) of ghost artifacts. The shifters simply need to be adjusted accordingly. 
Additionally, the illustrated techniques can be applied to space variant or space 
invariant ghost artifacts. 

The above description may also be used in conjunction with other phase encode 
schemes, such as partial-NEX (where NEX is the number of excitations or k-space 
lines). In the case of partial-NEX, a fraction of k-space is skipped (for instance the 1st 
25%). Additionally, the above description can use phase sensitive reconstruction. 

Still further, the different elements embodying the invention can be performed in 
hardware, software, or a combination thereof. 

In view of the many possible embodiments to which the principles of our 
invention may be applied, it should be recognized that the illustrated embodiment is 
only a preferred example of the invention and should not be taken as a limitation on the 
scope of the invention. Rather, the scope of the invention is defined by the following 
claims. We therefore claim as our invention all that comes within the scope of these 
claims. 



